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Edited by Vladimir SkulachevAbstract In vitro, uncoupling protein 3 (UCP3)-mediated
uncoupling requires cofactors [e.g., superoxides, coenzyme Q
(CoQ) and fatty acids (FA)] or their derivatives, but it is not
yet clear whether or how such activators interact with each other
under given physiological or pathophysiological conditions. Since
triiodothyronine (T3) stimulates lipid metabolism, UCP3 expres-
sion and mitochondrial uncoupling, we examined its eﬀects on
some biochemical pathways that may underlie UCP3-mediated
uncoupling. T3-treated rats (Hyper) showed increased mitochon-
drial lipid-oxidation rates, increased expression and activity
of enzymes involved in lipid handling and increased mitochon-
drial superoxide production and CoQ levels. Despite the higher
mitochondrial superoxide production in Hyper, euthyroid and
hyperthyroid mitochondria showed no diﬀerences in proton-
conductance when FA were chelated by bovine serum albumin.
However, mitochondria from Hyper showed a palmitoyl–carni-
tine-induced and GDP-inhibited increased proton-conductance
in the presence of carboxyatractylate. We suggest that T3 stim-
ulates the UCP3 activity in vivo by aﬀecting the complex net-
work of biochemical pathways underlying the UCP3 activation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Several biochemical processes have been implicated as possi-
ble mediators of the ‘‘calorigenic eﬀect’’ of thyroid hormones
[1]. Many of the eﬀects of triiodothyronine (T3) are exerted
through positive or negative regulation of thyroid-hormone-
responsive genes via thyroid-hormone receptors (for reviews,Abbreviations: UCPs, uncoupling protein 1, 2, and 3; CoQ, coenzyme
Q; FA, fatty acid; T3, triiodothyronine; CAT, carboxyatractylate;
CPT, carnitine–palmitoyl-transferase system; MTE-I, mitochondrial
acyl-CoA thioesterase I; HPLC, high-performance liquid-chromatog-
raphy; Eu, euthyroid rats; Hyper, T3-treated rats; ANT, adenine nu-
cleotide translocase; TPMP+, triphenylmethylphosphonium; FCCP,
carbonyl cyanide p-(triﬂuoromethoxy) phenylhydrazone; TT3, total T3;
FT3, free T3; CoA, coenzyme A; CoASH, coenzyme A reduced form
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doi:10.1016/j.febslet.2005.02.022see [2–4]). However, the key players in the T3-mediated eﬀect
on energy expenditure are either unknown or only partially
known, and this area needs further investigation.
The identiﬁcation of uncoupling protein 1 (UCP1) homo-
logues, such as UCP2 and UCP3, and their putative func-
tion as uncouplers, has greatly stimulated research in this
ﬁeld [5,6]. Because of its presence in skeletal muscle, the
putative role played by UCP3 could be particularly relevant
since skeletal muscle represents the bulk of the total meta-
bolically active body mass and, moreover, is endowed with
signiﬁcant mitochondrial capacity. However, the molecular
and cellular mechanisms aﬀecting UCP3 activity in skeletal
muscle are complex and not well understood. Under some
experimental conditions, in fact, an increased expression
of UCP3 may not be associated with increased mitochon-
drial uncoupling [7]. This has led to the hypothesis that
UCP3 activity may have an involvement in biochemical
functions other than the modulation of energy expenditure
[8]. Indeed, the postulated roles for UCP3 include its
involvement in: (1) modulating the production of reactive
oxygen species (ROS) and limiting or preventing their dele-
terious eﬀects; (2) lipid metabolism; (3) preventing lipotoxic-
ity; (4) the modulation of energy expenditure (for reviews,
see [7,9,10]).
Interestingly T3, which has signiﬁcant eﬀects on energy
expenditure, induces UCP3 expression and UCP3-mediated
uncoupling in skeletal muscle mitochondria [11,12] and it is
noteworthy that T3 seems to be unique in having the capac-
ity to inﬂuence both UCP3 expression and uncoupling activ-
ity. Indeed, not only is there uncertainty about the
physiological role performed by UCP3 in skeletal muscle
but the network of biochemical pathways associated with
UCP3 activation also remains poorly understood. Concern-
ing uncoupling activity, it has been shown that: (i) UCP3
can be activated both by extra-mitochondrially generated
superoxide [13,14] and by superoxide generated in the mito-
chondrial matrix under non-physiological [14] or physiologi-
cal [15] conditions; (ii) added coenzyme Q (CoQ) stimulates
UCP3-mediated uncoupling [16]; (iii) fatty acids (FAs) are
required for UCP3-mediated uncoupling [17]; (iv) the lipid-
peroxidation product 4-hydroxy-trans-2-nonenal (HNE) in-
duces UCP3-mediated uncoupling [18]. Although T3, FAs
and superoxides, and/or their derivatives, are known to beblished by Elsevier B.V. All rights reserved.
Table 1
Eﬀect of T3 on mitochondrial respiration and H2O2 production in
skeletal muscle mitochondria
Animal group
Eu Hyper
Succinate
State 4 respiration 86 ± 5 103 ± 6*
State 3 respiration 271 ± 24 349 ± 28*
RCR 3.09 ± 0.36 3.48 ± 0.15
State 4 H2O2 release 880 ± 60 1190 ± 110*
Electron leak (%) 1.0 1.16
Palmitoyl–carnitine
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whether or how such activators interact with each other un-
der given physiological or pathophysiological conditions
(such as particular thyroid states). Therefore, in the present
study, we investigated the eﬀects of T3 on the interrelation-
ship between the putative cofactors (i.e., FA, CoQ and
superoxides) and/or biochemical pathways involved in lipid
handling [i.e., gene expression and activity of the enzymes in-
volved in mitochondrial FA uptake and utilization (carni-
tine–palmitoyl-transferase system (CPT) and mitochondrial
acyl-coenzyme A (CoA) thioesterase I (MTE-I))] which could
participate in UCP3-mediated uncoupling.
State 4 respiration 35 ± 7 44 ± 5*
State 3 respiration 147 ± 15 172 ± 19*
RCR 4.2 ± 0.8 3.9 ± 0.5
State 4 H2O2 release 501 ± 44 1048 ± 49*
Electron leak (%) 1.43 2.38*
Respiration rates are expressed as nmoles O/min mg protein, H2O2
release as pmoles H2O2/min mg protein and electron leak as (pmoles
H2O2/pmoles O) · 100. Mitochondrial oxygen consumption was
measured polarographically using a Clark-type electrode. The mea-
surements were carried out in a ﬁnal volume of 0.5 ml of standard
respiration medium (described in Section 2) supplemented either with
0.3% or 1% BSA (when succinate or palmitoyl–carnitine plus malate
were used, respectively), both in State 4 and State 3 of respiration. The
rate of mitochondrial H2O2 release was assessed by measuring the2. Materials and methods
2.1. Materials
T3, CoQ10, superoxide dismutase (SOD) and GDP were purchased
from Sigma–Aldrich Corp. (St. Louis, MO). All solvents used were
of high-performance liquid-chromatography (HPLC) grade (Sigma–
Aldrich Corp.). The antibody to rat MTE-I was as described elsewhere
[19]. Ubiquinol 10 (CoQ10H2) was obtained by reduction of the corre-
sponding quinones with sodium borohydride (Sigma–Aldrich Corp.),
as described before [20]. The primers used for RT-PCR analysis were
purchased from Sigma Genosys (UK).increase in ﬂuorescence (excitation at 312 nm, emission at 420 nm)
caused by the oxidation of homovanillic acid by H2O2 in the presence
of horseradish peroxidase using 6 mM succinate or 0.04 mM palmi-
toyl–carnitine as substrate. Results are shown as the mean ± S.E.M.
from 4–6 animals. For a given substrate, values labelled with * are
signiﬁcantly diﬀerent from Eu values (P < 0.05).2.2. Animals
Two groups of male Wistar rats (250–300 g) (Charles River, Lecco,
Italy) were used throughout: namely, euthyroid rats (referred to as Eu)
and T3-treated rats (referred to as Hyper) (each group, three-six ani-
mals). T3-treatment was performed as described previously [21–23].
At the end of the treatment, rats were anaesthetized, then killed by
decapitation. Trunk blood was collected and serum was isolated to al-
low analysis of hormone levels using speciﬁc RIAs (ICN Pharmaceuti-
cals, Diagnostic Division, New York, USA). To exclude the
occurrence of any changes in UCP3 expression secondary to variations
in serum FFA levels (which are induced by T3), the gastrocnemius
muscle was chosen considering that in this tissue the increased UCP3
expression is not linked to a rise in circulating FAs. Gastrocnemius
muscles were excised, weighed and either immediately processed for
preparation of mitochondria or immediately frozen in liquid nitrogen
and stored at 80 C for later processing (either for immediate or later
processing the two gastrocnemius muscles from each animal were
pooled). All experiments were performed in accordance with general
guidelines regarding animal experiments and were approved by our
institutional committee for animal care.2.3. Preparation of mitochondria and assays
Gastrocnemius muscle sub-sarcolemmal mitochondria were isolated
by diﬀerential centrifugation, as described before [12] and either imme-
diately used for measurement of respiratory rate, membrane potential
and enzymatic assays or immediately stored at 80 C for later pro-
cessing. The protein concentration was determined by the method of
Hartree [24]. Western blot analysis was carried out according to Lae-
mmli [25], as described in [12]. MTE-I and total CPT (CPT1 plus
CPT2) activities were measured spectrophotometrically according to
Alexson and Nedergaard [26]. For both enzymes palmitoyl-CoA was
used at saturating concentrations (50 lM), while the total CPT activity
was determined in presence of both palmitoyl-CoA and saturating car-
nitine (5 mM).
Mitochondrial CoQ10 was extracted and quantiﬁed by HPLC, as de-
scribed by Takada et al. [20,27]. The concentrations of CoQ10 obtained
represent the sum of the respective quinone and quinol forms. The rate
of mitochondrial H2O2 release was assessed by measuring the increase
in ﬂuorescence (excitation at 312 nm, emission at 420 nm) caused by
the oxidation of homovanillic acid by H2O2 in the presence of horse-
radish peroxidase [28]. H2O2 production by mitochondria was deter-
mined using 6 mM succinate or 0.04 mM palmitoyl–carnitine, since it
has been shown that it is matrix superoxide production that activatesUCP3 and most of this from complex I [13,14]. The assays with succi-
nate as substrate were performed in the absence of rotenone, since it
has been demonstrated that superoxide production from complex I oc-
curs largely under conditions of reverse electron transport [15]. The
standard curves were linear up to 8 lM H2O2.
Measurements of H2O2 release and oxygen consumption, when per-
formed under the same conditions, allowed calculation of the percent-
age free-radical leak (in Table 1 referred to as Electron Leak). This is
indicative of the fraction of electrons in a sequence that reduce O2 to
oxygen radicals in the respiratory chain instead of reaching Complex
IV to reduce O2 to H2O [28].
2.4. Measurement of respiratory rate and proton-conductance
Mitochondrial oxygen consumption was measured polarographi-
cally using a Clark-type electrode. The measurements were carried
out in duplicate either when succinate (6 mM) or palmitoyl–carnitine
(0.04 mM) plus malate (5 mM) were used as substrates. The analyses
with succinate were performed in a ﬁnal volume of 0.5 ml of 80 mM
KCl, 50 mM HEPES (pH 7.2–7.4), 1 mM EGTA, 5 mM K2HPO4,
and 0.3% bovine serum albumin (BSA) (w/v), both in the absence
(State 4 respiration) and in the presence (State 3 respiration) of ADP
(300 lM) at 37 C. The analyses with palmitoyl–carnitine plus malate
were performed in the same medium but in the presence of 1% BSA
and at 30 C.
To evaluate proton-conductance, the respiration rate and membrane
potential (DW) were measured simultaneously, the latter being detected
using a triphenylmethylphosphonium (TPMP+)-sensitive electrode.
For these measurements, 0.5 mg mitochondrial proteins were incu-
bated in 1 ml standard incubation medium supplemented with 1 lg/
ml oligomycin and 80 ng/ml nigericin, and the TPMP+-sensitive elec-
trode was calibrated by means of sequential additions up to 4 lM
TPMP+. Then, mitochondria were energized using 6 mM Succinate,
and respiration was titrated with increasing amounts of malonate
(up to 2 mM).
The eﬀect of palmitoyl–carnitine on mitochondrial uncoupling was
assayed in the presence of 15 lg/ml carboxyatractylate (CAT), to ex-
clude the eventual involvement of adenine nucleotide translocase
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in the presence of rotenone (3.75 lM), and the eﬀect on membrane po-
tential and respiration rate induced by adding palmitoyl–carnitine (up
to 40 lM) was evaluated. The above determination was performed
both in the presence and in the absence of exogenous CoQ10 (10 lM
dissolved in 1 ll of dichloromethane) and GDP (500 lM). A baseline
correction was obtained by the addition of 0.2 lM carbonyl cyanide
p-(triﬂuoromethoxy) phenylhydrazone (FCCP), which permitted
the complete release of TPMP+. A TPMP+-binding correction of
0.4/(ll per mg protein) was applied for mitochondria from each group
of animals.
2.5. RNA isolation and RT-PCR assays
Total RNA was isolated using a protocol based on one originally
described by Chomszynski and Sacchi [29]. RT-PCR was performed
as already described by us [30]. The primers used had the following
sequences: b-actin sense, 5 0-TTGTAACCAACTGGGACGAT-3 0;
b-actin antisense, 5 0-TAATGTCACGCACGATTTCC-3 0; CPT1b
sense 5 0-CTCAGCCTCTACGGCAAATC-3 0; CPT1b antisense 5 0-
CTTCTTGATCAGGCCTTTGC-3 0; CPT2 sense 5 0-GTGGCAAG-
GAGTTCCTGAAG-3 0; CPT2 antisense 5 0-TGGTTCATCTGCTGG-
TATGC-30; MTE-I sense 5 0-CCTCGTCTTTCGCTGTCCTG-3 0;
MTE-I antisense 5 0-GTGTCCGTCCAGCACCTCCA-30. Separation
of the PCR products was performed on a 2% agarose gel containing
Ethidium Bromide, and the products were readily visualized. Re-
verse-image signals of the RT-PCR bands were quantiﬁed by means
of a Bio Rad Molecular Imager FX using the supplied software (Bio
Rad Laboratories, Hercules, CA). Expression signals for the genes
were normalized with respect to the non-regulated b-actin signal.2.6. Statistical analysis
The statistical signiﬁcance of diﬀerences between the two groups was
determined by a Students t test.Fig. 1. RT-PCR-based measurements of CPT1b (A) and CPT2 (B)
mRNA levels in gastrocnemius muscle of euthyroid (Eu) and hyper-
thyroid (Hyper) rats. b-actin mRNA levels were measured as the
internal standard. Each lane contains PCR product derived from the
appropriate cDNA, for which 1 lg total RNA was used. Each
treatment was performed in triplicate. Lower panel in (A) and (B):
quantiﬁcation of the data shown in the upper panel. Data are
expressed relative to the value obtained for control (Eu) muscle, which
is set as 1.0, and are presented separately for each treatment (as
indicated below the bars). Error bars represent S.D. of the mean (n = 3
rats). *P < 0.05 vs. Eu. (C) Total CPT activity of mitochondria
isolated from gastrocnemius muscle of Eu and hyperthyroid (Hyper)
rats. Total CPT activity corresponds to the carnitine-dependent
coenzyme A reduced form (CoASH) production due to the overt
CPT1b and latent CPT2 enzyme activities. Measurements were made
by means of spectrophotometric assay, using isolated Triton X-100-
treated mitochondria in presence of both palmitoyl-CoA and carnitine
at saturating concentrations. Data are expressed as nmol CoA/
min · mg protein. Results are each the mean ± S.D. from 4 animal
preparations. *P < 0.05 vs. Eu.3. Results and discussion
In order to ascertain the eﬀectiveness of the experimental
treatment, we assessed the thyroid state of each animal by
measuring the serum levels of total T3 (TT3) and free T3
(FT3). The TT3 serum levels (nmol/lt) were 1.24 ± 0.09 and
4.66 ± 0.65, for Eu and hyperthyroid (Hyper) rats, respectively
(P < 0.05), and the corresponding FT3 serum levels (pmol/lt)
were 5.8 ± 0.4 and 10.9 ± 1.8, respectively (P < 0.05). These
data conﬁrm the hyperthyroid state of the Hyper.
At the mitochondrial level, our assessment of UCP3 protein
content conﬁrmed previous results (31) in that a signiﬁcant in-
crease in UCP3-protein density was observed in mitochondria
from the gastrocnemius muscles of Hyper (an increase of 3.5-
fold vs. Eu) (data not shown). The rates of State 4 and State 3
oxygen consumption (in the presence of either succinate or pal-
mitoyl–carnitine) were higher in hyperthyroid than in euthy-
roid mitochondria (Table 1). In particular, the greater eﬀect
of T3-treatment on respiration rate when using palmitoyl–car-
nitine as substrate is indicative of a stimulation of b-oxidation
and so of a greater ability of muscle mitochondria to use lipids
as substrate. In our conditions (in the presence of albumine) no
variations in RCR values were observed.
Since evidence is accumulating to indicate that UCP3 con-
tributes to lipid handling with a possible consequent eﬀect
on mitochondrial uncoupling, we next investigated the eﬀects
of T3 on (i) the expression and activity of the CPT system
(CPT1b plus CPT2), the rate limiting step for mitochondrial
FA uptake, and (ii) those of MTE-I, said to be a key enzyme
in the modulation of mitochondrial FA utilization [19,32].
We found that T3-treatment increased both the expression ofCPT1b and CPT2 mRNAs (by about 12- and 4-fold, respec-
tively) (Fig. 1A and B) and the activity of the CPT system
(Fig. 1C), in line with the increased b-oxidation (Table 1).
T3-treatment did not alter the MTE-I mRNA or protein levels
(Fig. 2A and B) but it did signiﬁcantly increase acyl-CoA thi-
oesterase activity [which was very low (at the detection limit) in
Eu] (Fig. 2C), suggesting a post-translational regulation of this
enzyme by T3. These data support the idea that UCP3 and
acyl-CoA thioesterases are involved in the same biochemical
mechanism, probably linked to lipid handling and/or mito-
chondrial uncoupling. Indeed, it has been hypothesized that
MTE-I activity may be related to the mitochondrial function
of UCP3 [33].
Fig. 2. MTE-I mRNA levels, mitochondrial protein concentration and
mitochondrial activity in gastrocnemius muscle of Eu and hyperthy-
roid (Hyper) rats. (A) Upper panel: RT-PCR analysis of MTE-I
mRNA. b-actin mRNA levels were measured as the internal standard.
Each lane contains PCR product derived from the appropriate cDNA,
for which 1 lg total RNA was used. Each treatment was performed in
triplicate. Lower panel shows quantiﬁcation of the signals shown in the
upper panel (as described in the legend of Fig. 1). Error bars represent
S.D. of the mean (n = 3 rats). (B) Western immunoblot analysis of
MTE-I protein levels. Each lane contained 30 lg mitochondrial
protein from a single rat. Each treatment was performed in triplicate.
Lower panel shows quantiﬁcation of the signals shown in the upper
panel (as described in the legend of Fig. 1). Error bars represent S.D. of
the mean. *P < 0.05 vs. Eu. (C) MTE-I activity in Eu and Hyper rats.
Measurements were made by means of spectrophotometric assay using
isolated Triton X-100-treated mitochondria in presence of palmitoyl-
CoA at saturating concentration. Data are expressed as nmol CoA/
min · mg protein. Results are each the mean ± S.D. from 4 animal
preparations. *P < 0.05 vs. Eu.
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Fig. 3. Eﬀects of palmitoyl–carnitine titration on respiration rate (A)
and membrane potential (B) of succinate-energized muscle mitochon-
dria from Eu and hyperthyroid (Hyper) rats in the presence and
absence of exogenous CoQ10. The respiration rate and membrane
potential (DW) were measured simultaneously, using a Clark-type
electrode and a triphenylmethylphosphonium (TPMP+)-sensitive elec-
trode, respectively. 0.5 mg mitochondrial proteins was incubated in
1 ml standard incubation medium (described in Section 2) supple-
mented with 1 lg/ml oligomycin, 80 ng/ml nigericin, 15 lg/ml carb-
oxyatractylate (CAT), 3.75 lM rotenone, and the TPMP+-sensitive
electrode was calibrated by means of sequential additions up to 4 lM
TPMP+. Then, mitochondria were energized using 6 mM succinate,
and respiration was titrated with increasing amounts of palmitoyl–
carnitine (up to 40 lM), both in the presence and in the absence of
exogenous CoQ10 (10 lM dissolved in 1 ll of dichloromethane) and
GDP (500 lM). A baseline correction was obtained by the addition of
0.2 lM FCCP, which permitted the complete release of TPMP+. A
TPMP+-binding correction of 0.4/(ll per mg protein) was applied for
mitochondria from each group of animals. For each group, data are
expressed relative to the value obtained in the absence of palmitoyl–
carnitine (taken as 100%). Results are each the mean ± S.D. from 4
animal preparations. Open squares, Eu; open diamonds, Hyper; open
triangles Eu + CoQ10; ﬁlled diamonds, Hyper + CoQ10; open circles,
Hyper + GDP.
1642 E. Silvestri et al. / FEBS Letters 579 (2005) 1639–1645The above possibilities were tested by determining the eﬀect
of T3 on UCP3-mediated uncoupling using a system in which
the addition of palmitoyl–carnitine to succinate + rotenone-
energized mitochondria could provide FA inside the mito-
chondria by means of palmitoyl CoA hydrolysis potentially
catalyzed by MTE-I and increased NADH level. We found
that palmitoyl–carnitine-induced mitochondrial uncoupling
only in mitochondria from Hyper, since it simultaneously in-
duced an increase in the respiration rate and a decrease in
the membrane potential (Fig. 3A and B). The involvement of
ANT (another mitochondrial carrier with the potential to
uncouple mitochondrial respiration [34]) was excluded as
CAT was present in the incubation medium. The mitochon-
drial uncoupling induced by palmitoyl–carnitine would seem
to be attributable to UCP3, since it was completely abolishedwhen GDP (500 lM) was present in the incubation medium.
We also excluded the possibility that the uncoupling eﬀect
could be due to other uncoupling proteins, such as UCP2,
since in our conditions this protein is absent, although its
mRNA is expressed (data not shown). Our ﬁndings show that
only when MTE activity and UCP3-protein concentration are
both at a high level (i.e., in hyperthyroid mitochondria) does
the formation of high levels of FA anions induce UCP3-med-
iated uncoupling. This supports the notion [33] of a functional
interaction between CoA thioesterase and UCP3 in T3-medi-
ated uncoupling. However, it should be mentioned that an
additional event that may participate to the phenomena ob-
served in hyperthyroid rats could be an increase in the perme-
ability to the protonated palmitoyl–carnitine cation [35,36].
Previous data have demonstrated that T3 is able to catalyze
an FA-inducible proton-conductance, rather than the basal
50
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V
Fig. 4. Proton-leak kinetics of Eu and hyperthyroid (Hyper) mito-
chondria when succinate was used as substrate. Membrane potential
and oxygen consumption were measured simultaneously (without
rotenone). 0.5 mg mitochondrial proteins was incubated in 1 ml
standard incubation medium (described in Section 2) supplemented
with 1 lg/ml oligomycin and 80 ng/ml nigericin, and the TPMP+-
sensitive electrode was calibrated by means of sequential additions up
to 4 lM TPMP+. Then, mitochondria were energized using 6 mM
succinate, and respiration was titrated with increasing amounts of
malonate (up to 2 mM). Results are each the mean ± S.D. from 5
preparations. Filled circles, Eu; open circles, Hyper.
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chelator, or in the absence of added FA, the diﬀerence in pro-
ton-conductance between euthyroid and hyperthyroid mito-
chondria disappears [11]. Moreover, we have shown that
muscle mitochondria from hyperthyroid rats not only have a
higher free FA content but have a raised sensitivity to FA, as
shown by measuring respiration rate and membrane potential,
the sensitivity correlating with the level of UCP3 protein [31].
However, several pieces of experimental evidence have sug-
gested that in addition superoxides from the matrix side of
the inner mitochondrial membrane may play an important role
in UCP3-mediated uncoupling, a role that is either dependent
or independent of FA. In fact, superoxides generated using
exogenous xanthine oxidase induce an increased proton-
conductance in the presence of FA, a reaction that is (i) inhib-
ited by GDP [13,14] and (ii) absent in mitochondria from
UCP3-knockout mice [37]. By contrast, the endogenous mito-
chondrial superoxide production from the matrix side has been
shown to increase the proton-conductance in a manner that is
GDP-sensitive but FA-independent [15]. These results, taken
as a whole, suggest a requirement for FA only for the entry
of superoxides into the matrix when they are generated exter-
nally [15]. However, other experimental evidence suggests an
activation of UCP3 through a pathway involving lipid-perox-
idation, reactive-aldehyde production and carbon-centred-rad-
ical production [38], thus supporting an interplay between
superoxides and FA. It has been shown that skeletal muscle
mitochondria generate signiﬁcant amounts of superoxide from
complex I when respiring on either succinate (without rote-
none) [15] or palmitoyl–carnitine [39], thus giving rise to on
endogenous production of superoxides that may be eﬀective
in inducing UCP3-mediated uncoupling. As shown in Table
1, we found that State 4 H2O2 production was higher in hyper-
thyroid mitochondria than in euthyroid mitochondria when
either succinate (without rotenone) or palmitoyl–carnitine
was used as substrate. Taking into account the possible diﬀer-
ences in respiratory-chain content between the groups, we cal-
culated the electron leak. This revealed that hyperthyroid
mitochondria tended to show the highest percentage electron
leak (in particular, palmitoyl–carnitine-supported State 4 res-
piration gave the highest value for electron leak) (Table 1).
Collectively, these data suggest that hyperthyroid mitochon-
dria, as compared with euthyroid ones, exhibit both an in-
creased lipid handling and a higher production of superoxides.
In addition, we also measured the mitochondrial H2O2 re-
lease under experimental conditions designed to verify the
uncoupling eﬀect of palmitoyl–carnitine. The values we ob-
tained were 1370 ± 301 and 2860 ± 195 pmol H2O2/min mg
proteins for euthyroid and hyperthyroid mitochondria, respec-
tively, suggesting that palmitoyl–carnitine-induced UCP3-
mediated uncoupling is associated with an elevated production
of superoxides. This is in line with the presence of an interplay
between FA and superoxides in the activation of UCP3-
mediated uncoupling in mitochondria from Hyper.
We next assessed the capacity of T3 to aﬀect the basal pro-
ton-conductance when mitochondria are energized using succi-
nate (without rotenone) in the presence of BSA. In this way,
we expected to determine whether endogenous superoxide pro-
duction in complex I might be the only factor underlying T3-
induced UCP3-mediated uncoupling. Fig. 4 shows that in the
absence of rotenone and FA, mitochondria from Eu and
hyperthyroid rats had the same kinetics for their proton-leak,indicating that T3 is unable to aﬀect mitochondrial basal pro-
ton-conductance despite the presence of a higher rate of super-
oxide production in the matrix. We also conﬁrmed that there
was no change in proton-motive force when rotenone was
present in the incubation medium (data not shown). Taken to-
gether, these data indicate that superoxides are not the only
source of T3-induced UCP3-mediated uncoupling.
Besides FA and superoxides, CoQ has also been implicated
in the activation of UCP3-mediated uncoupling. In this study,
we found that T3-treatment caused a 60% rise in the endoge-
nous mitochondrial level of CoQ10 (0.58 ± 0.1 vs.
0.94 ± 0.14 nmol/mg protein for euthyroid vs. hyperthyroid
mitochondria). This indicates that hyperthyroidism induces
a pattern of increases in mitochondrial CoQ, superoxides
and FA levels that is able to elevate the uncoupling activity
of UCP3 in vivo. Our results seem to exclude the idea that,
at least in Hyper, superoxides alone activate UCP3-mediated
uncoupling. A production of superoxide derivatives, however,
could explain our results as the increases in superoxide pro-
duction and lipid handling seen in hyperthyroid mitochondria
seem to act in combination to induce UCP3-mediated uncou-
pling [32,40–42]. Indeed, it has been hypothesized that UCP3
can act as an FA peroxide translocator [10]. This hypothesis
has recently received support from results showing that the
UCP2 reconstituted in liposomes is able to mediate hydroper-
oxy FA cycling, thus playing an important physiological role
in the feedback down-regulation of superoxide production by
mitochondria [43]. Under conditions such as hyperthyroidism,
in which the presence of high levels of superoxides is associ-
ated with high levels of FA utilization, there is a formation
of FA peroxides [42] and/or their derivatives. UCP3 could
(i) provide an anti-oxidative defense mechanism within the
mitochondrial matrix by translocating FA peroxides from
the inner to the outer membrane-leaﬂet as recently hypothe-
sized by Goglia and Skulachev [10], or (ii) undergo activation
through a pathway involving carbon-centred-radical produc-
tion, lipid-peroxidation and reactive-aldehyde production
[38].
Taken together, the data presented here lead us to propose
ﬁrstly that co-activators such as superoxides and FA
peroxides, and/or their derivatives, may provide a bridging
T3
MTE-I
activity
Lipid
handling
CoQ
levels
Superoxide
production
UCP3 activation
Fig. 5. For explanation see text.
1644 E. Silvestri et al. / FEBS Letters 579 (2005) 1639–1645mechanism underlying UCP3 activation, and secondly that the
capacity of T3 to regulate both the expression and the uncou-
pling activity of UCP3 seems to derive from its ability synergis-
tically to stimulate the complex network of biochemical
pathways underlying UCP3 activation, as illustrated in Fig.
5. Whether T3-induced stimulation of UCP3-mediated uncou-
pling (a) also has a functional inﬂuence on energy expenditure
or (b) serves simply to counteracts the hazardous eﬀects of
ROS production (a slight decrease in the membrane potential
leading to a marked decrease in ROS production) that occurs
as a consequence of a stimulation of respiration, or indeed
both (a) and (b), it is not possible to say with any certainty
at the moment.
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